
































































































































































Cell	type Efficiency	(%) Description Reference
Silicon,	(monocrystalline	cell) 26.7 ± 0.5 Kaneka,	n-type	rear	IBC [133]
Silicon,	(polycrystalline	cell) 22.3 ± 0.4′ FhG-ISE,	n-type [134]
III-V,	GaAs 28.8 ± 0.9 Alta	devices [135]
III-V,	InP 24.2 ± 0.5 NREL [136]
Thin	film,	CIGS 22.9 ± 0.5 Solar	frontier [137,138]
Thin	film,	CdTe 21.0 ± 0.4 First	solar,	on	glass [139]
Amorphous	silicon 10.2 ± 0.3 AIST [140]
Perovskite 20.9 ± 0.7 KRICT [141]
Dye	sensitized 11.9 ± 0.4 Sharp [142]
Fig.	2	Photovoltaic	cell	(a)	p-n	junction	structure	[15]	and	(b)	simplified	equivalent	circuit	[13].
alt-text:	Fig.	2




where	 is	the	diode	diffusion	factor,	 is	absolute	temperature,	 is	electron	charge,	 is	material	band	gap	energy,	 is	Boltzmann	constant	and	 is	cross	sectional	area.
Depending	on	required	voltage	and	current	levels,	solar	cells	are	connected	in	series	and	parallel	respectively.	The	solar	cell	generator	voltage	and	current	can	be	obtained	as,
where	 is	the	series	resistance,	 is	number	of	cells	in	series,	 is	number	of	cells	in	parallel	and	 is	the	cell	photocurrent	proportional	to	solar	irradiance.
where	 is	the	cell	temperature.
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gradient	 is	 desired.	 Lastly,	 a	 low	 thermal	 conductivity	 is	 essential	 for	TE	materials	because	 temperature	difference	must	be	maintained	across	 the	material	 [23].	A	dimensionless	parameter	 known	as	 thermoelectric	 figure	of	merit	 (ZT)	 is	usually	used	 to	obtain	 the
thermoelectric	efficiency	and	it	is	expressed	as	[24],
where	 is	the	Seebeck	coefficient,	 is	the	electrical	conductivity,	 is	the	thermal	conductivity	and	 is	the	absolute	temperature.
Generally,	materials	with	high	ZT	are	preferable	however,	optimizing	all	 the	 intrinsic	material	properties	 that	 influence	 the	ZT	 together	at	once	 is	very	difficult	because	 they	are	 interdependent	and	 reciprocal.	This	challenge	caused	 the	maximum	ZT	of	any















































where	 is	the	power	output	of	the	solar	cell,	 is	the	TEG	power	output,	 is	the	solar	cell	area	and	 is	the	input	solar	power.
The	above	Eq.	(19)	is	applicable	for	a	simplified	design	of	a	hybrid	PV/TEG	where	the	PV	and	TEG	are	thermally	coupled	but	electrically	separated.
Considering	the	efficiencies	of	all	the	main	components	of	the	PV/TEG	including,	optical	collector,	opto-thermal	converter,	thermal	collector,	thermoelectric	convert	and	thermal	dissipater,	the	hybrid	system	efficiency	can	also	be	defined	as	[11]:
where	 is	the	optical	collector	efficiency,	 is	the	opto-thermal	efficiency	and	 is	the	thermal	dissipater	efficiency.
The	optical	collector	efficiency	is	given	as:
where	 is	 the	optical	 concentration,	 is	 the	 optical	 collector	 aperture	 area	 and	 is	 either	 the	 optical	 collector	 transmittance	 or	 reflectivity,	 depending	 on	 the	 optical	 component	 used	 (i.e.	 lens	 or	mirror).	Normally,	 is	 expected	 to	 be ≥ 0.9	 therefore,	 the
optical	collector	can	be	assumed	to	not	absorb	power	thus,	it	does	not	heat	up.	Consequently,	 can	be	considered	as	temperature	independent.
The	thermal	dissipater	efficiency	is	given	as:
where	 is	 the	electrical	power	needed	to	circulate	 the	cooling	 fluid	and	 is	 the	electrical	power	output	of	 the	solar	TEG.	When	passive	dissipation	 is	considered	(i.e.	 ,	 while	when	active	dissipation	 is	 considered,	 the	details	 of	 the	heat
dissipater	geometry	has	to	be	considered.
The	opto-thermal	efficiency	of	the	hybrid	system	is	given	as:
where	the	assumption	 is	 that	 the	TEG	hot	side	temperature	 is	equal	 to	the	solar	cell	 temperature	(i.e.	 ).	This	assumption	 is	only	valid	 for	 the	case	of	direct	coupling	method.	For	 the	spectrum	splitting	method,	 it	 is	assumed	that	 the	solar	cell	 temperature	 is
equal	to	the	temperature	of	the	encapsulation	(i.e.	 ).	Therefore,	it	is	important	to	understand	that	the	opto-thermal	efficiency	is	different	for	the	spectrum	splitting	and	direct	coupling	methods.	In	fact,	the	opto-thermal	efficiency	is	smaller	for	the	case	of	spectrum
splitting	method	compared	to	direct	coupling	method	[43].	The	reason	for	this	behaviour	is	that	in	solar	cells,	the	majority	of	the	thermal	losses	is	actually	in	the	range	of	energies	higher	than	the	energy	gap	(not	in	the	infrared	region),	for	which	the	spectrum	splitting
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system	 fill	 factors	 at	maximum	efficiency.	 In	 addition,	 the	 spectrum	 splitting	 system	 requires	 a	 smaller	 area	which	must	 be	 covered	 by	 cooling	 devices	 thus,	 the	 costs	 of	 the	 spectrum	 splitting	 system	 should	 be	 lower	 than	 that	 of	 the	 direct	 coupling	 system	 [47].
































Natural	cooling Forced	cooling Water	cooling SiO2/water	nanofluid	cooling Fe3O4/water	nanofluid	cooling
Total	power	increase	(%) Base 4.885 5.776 8.26 6.284
Total	efficiency	increase	(%) Base 1.865 3.051 3.355 3.131
Table	4	Summary	of	some	selected	spectrum	splitting	PV/TEG	systems	reviewed.
alt-text:	Table	4
Reference Material Study	type Efficiency Remarks
PV TE PV/TEG PV
Kraemer	et	al.	[49] Monocrystalline
silicon
N/A Simulation 11.45% 9.09% TEG	efficiency	of	8%	corresponding	to	figure	of	merit	(ZT = 1.7)	was	used.
Amorphous	silicon N/A Simulation 13.26% 9.40%
Polymer	thin	film N/A Simulation 8.32% 3.41%
Ju	et	al.	[50] GaAs Skutterudite
CoSb3
Simulation 27.49% N/A Figure	of	merit	(ZT = 1.4)	at	800 K,	heat	transfer	coefficient	of	4500 W/m2/K	were	used,	and	the	optimized	results	were
given.
Mizoshiri	et	al.	[144] Amorphous	silicon Thin-	film	Bismuth Experiment N/A N/A Open	circuit	voltage	of	hybrid	system	increased	by	1.3%	compared	to	PV	only	system.








Amorphous	silicon N/A Simulation 19.1% 15.8% Beam	splitter	layer	was	114	and	TE	efficiency	was	8%.
Microcrystalline
silicon
N/A Simulation 19.8% 17.5% Beam	splitter	layer	was	128	and	TE	efficiency	was	8%.
Sibin	et	al.	[147] N/A N/A Experiment N/A N/A ITO/Ag/ITO	spectral	beam	splitter	coating	was	developed,	and	it	had	a	high	visible	transmittance	of	88%.
Yin	et	al.	[51] GaAs N/A Simulation 30% N/A Figure	of	merit	was	1	and	cut-off	wavelength	was	equal	to	maximum	wavelength	of	PV.
Yang	et	al.	[52] Silicon N/A Simulation 40.2% 39.32% Concentration	factor	was	100.
Bjørk	et	al.	[53] N/A N/A Simulation 1.8%	points
increase
N/A Maximum	hybrid	system	efficiency	without	concentration	was	studied.
Djafar	et	al.	[148] N/A Bismuth	telluride Experiment N/A N/A Long	wavelengths	of	around	800 nm	were	emitted	by	the	halogen	lamps	for	the	TEG.

























Reference Material Study	type Efficiency Remarks
PV TE PV/TEG PV
Guo	et	al.	[104] Dye-sensitized	solar	cell
(DSSC)
N/A Experiment 10%	increase N/A Hybrid	efficiency	was	compared	with	a	single	DSSC.
Wang	et	al.	[105] Dye-sensitized	solar	cell N/A Experiment 13.8% 9.26% Solar	selective	absorber	was	used.
Sark	[55] Polycrystalline	silicon Bismuth	telluride	(Bi2Te3) Simulation 13.98% 10.78% Typical	figure	of	merit	value	of	1.2	and	coefficient	c = 0.058	were	used.
Daud	et	al.	[150] Polycrystalline	silicon Bismuth	telluride Experiment 9.064% 5.970% Solar	radiation	of	868 W/m2	and	liquid	cooling	was	used.





Zhang	et	al.	[151] Polymer Bismuth	telluride Experiment N/A N/A Hybrid	system	power	output	increase	of	46.6%	compared	to	PV	only	system	was	observed.
Li	et	al.	[81] Crystalline	silicon N/A Simulation 11.07% 9.5% TE	load	resistance	was	0.75Ω	and	figure	of	merit	was	0.0085/K.
GaAs N/A Simulation 22.94% 21.91% TE	load	resistance	was	1.60Ω	and	figure	of	merit	was	0.0022/K
Zhang	et	al.	[152] Crystalline	silicon Nanostructured	bismuth-antimony-
telluride
Simulation 18.6% 18.4% Concentration	ratio	was	16.
Thin-film	silicon Simulation 14% 11% Concentration	ratio	was	12.
Polymer Simulation 12% 4% Concentration	ratio	was	5.
CIGS Simulation 23.5% 21.5% Concentration	ratio	was	30.
Cui	et	al.	[96] Crystalline	silicon Bismuth	telluride Simulation 20.1% N/A Operating	temperature	was	300 K,	optical	concentration	was	100	and	PCM	was	used.
CIGS Bismuth	telluride Simulation 20.5% N/A Operating	temperature	was	300 K	and	optical	concentration	was	0.
Single-junction	GaAs Bismuth	telluride Simulation 28.09% N/A Operating	temperature	was	425 K,	figure	of	merit	was	1.5,	and	optical	concentration	was	500.
GaInP/InGaAs/Ge	(III-V) Bismuth	telluride Simulation 38.90% N/A Operating	temperature	was	300 K	and	optical	concentration	was	500.
Liao	et	al.	[153] Polycrystalline Bismuth	telluride Simulation 15% N/A CG	(Concentration	ratio	x	Solar	irradiance)	was	875 W/m2.
Chen	et	al.	[154] DSSC N/A Simulation 24.60% N/A Maximum	power	output	of	1.389 mW	was	obtained.
Lin	et	al.	[82] Crystalline	silicon Bismuth	telluride Simulation 13% 10.24% Power	and	efficiency	enhancement	of	about	27%	was	observed.
Beeri	et	al.	[155] Multijunction Bismuth	telluride Experiment	and
simulation
32.09% 32.08% Concentration	factor	was	20	and	hybrid	power	output	was	0.190 W.
Da	et	al.	[123] GaAs N/A Simulation 18.51% N/A Figure	of	merit	was	2.5	and	Air	Mass	was	1.5.
Dou	et	al.	[106] DSSC Bi2Te3/ZnO Simulation 4.27% N/A Hybrid	efficiency	was	44.3%	higher	than	efficiency	of	ZnO	photoanode.
Attivissimo	et	al.
[156]
Polycrystalline Bismuth	telluride Simulation N/A N/A TEG	contributes	about	12.2%	to	the	hybrid	system	energy	in	Pachino.
Luo	et	al.	[157] Heterojunction Bismuth	telluride Experiment 23.30%
increase
N/A Efficiency	increase	was	achieved	after	1 min	illumination.
Pang	et	al.	[158] Monocrystalline	silicon Bismuth	telluride Simulation 5.9% 5.7% Efficiency	increase	of	3.9%	was	observed.
Cotfas	et	al.	[159] Monocrystalline	silicon Bismuth	telluride Simulation N/A 18.93% Solar	irradiance	was	920 W/m2.
Polycrystalline	silicon Bismuth	telluride Simulation N/A 16.71% Solar	irradiance	was	1020 W/m2.
Amorphous	silicon Bismuth	telluride Simulation N/A 2.88% Solar	irradiance	was	720 W/m2.
Lamba	et	al.	[75] Monocrystalline	silicon Bismuth	telluride Simulation 5.8% 5.2% Number	of	TEG	was	127	and	concentration	ratio	was	3.
Zhu	et	al.	[74] Monocrystalline	silicon N/A Experiment	and
simulation
23% 19% TEG	contributed	extra	electrical	energy	of	648 J	during	zero	solar	radiation	period.













Zhang	et	al.	[111] Perovskite Bismuth	telluride Simulation 18.6% 17.8% Solar	selective	absorber	was	used.
Cui	et	al.	[97] Single-junction	GaAs Bismuth	telluride Experiment 13.45% 13.43% Phase	change	material	(PCM)	was	used.
Zhou	et	al.	[160] DSSC p-type	Bi0.4Sb1.6Te3,	n-type Experiment 9.08% 7.21% Hybrid	efficiency	was	greater	than	TEG	efficiency	by	725.5%.
Bi2.85Se0.15Te3
Lamba	et	al.	[76] Monocrystalline	silicon Bismuth	telluride Simulation 7.44% 7.068% Maximum	power	output	of	the	hybrid	system	was	595.5 mW.
Dallan	et	al.	[114] Monocrystalline	silicon Bismuth	telluride Experiment 13.2% 8.052% PV	and	TE	power	output	were	60.5 W/m2	and	0.01 W/m2	respectively.
Kil	et	al.	[161] Single	junction	GaAs Bismuth	telluride Experiment 23.2% 22.5% Solar	concentration	was	50	suns.




Li	et	al.	[162] CIGS Bismuth	telluride Simulation 21.6% 20.71% Concentration	ratio	was	200.
Thin	film	silicon Bismuth	telluride Simulation 13.1% 12.89% Concentration	ratio	was	200.
Polymer Bismuth	telluride Simulation 8% 7.47% Concentration	ratio	was	180.
Contento	et	al.	[43] Amorphous	silicon Nanostructured	Bi2Te3 Simulation ≈57%	increase N/A ≈57%	increase	and	≈42%	for	directly	and	indirectly	coupled	systems	respectively.
Heterojunction	CZTS Nanostructured	Bi2Te3 Simulation ≈35%	increase N/A ≈35%	increase	and	≈24%	for	directly	and	indirectly	coupled	systems	respectively.
Liu	et	al.	[163] Perovskite Bismuth	telluride Experiment 22.2% 9.88% Ice	bath	was	used	for	TE	cooling	and	Air	mass	was	1.5.
Zhang	et	al.	[164] Silicon N/A Experiment N/A N/A Hybrid	system	achieved	high	absorption	for	wavelengths	of	0.3–1.1 μm.
Machrafi	et	al.
[165]
Monocrystalline	silicon p-Sb2Te3	n-Bi2Se3 Simulation 25% N/A Thermoelectric	nanoparticles	were	used,	and	optimum	cooling	velocity	was	10 m/s.
Jeyashree	et	al.
[166]
Polycrystalline	silicon Bismuth	telluride Experiment N/A N/A Ice	block	was	used	for	TEG	cooling	and	hybrid	system	power	output	was	10.772 W.
Nishijima	et	al.
[167]
Black	silicon N/A Simulation N/A N/A Ge Sn	layer	was	added	to	the	solar	cell	and	voltage	increase	of	7%	was	observed.
Babu	et	al.	[68] Polycrystalline Bismuth	telluride Simulation 6%	increase N/A TEG	contributed	energy	of	1–3%	of	PV	rating.
Li	et	al.	[168] InGaP/InGaAs/Ge	triple-
junction























with	passive	cooling	of	a	concentrated	hybrid	PV/TEG	system.	 In	addition,	 the	developed	model	allowed	 the	area	of	 the	 thermoelectric	generator	 to	be	adjusted.	Results	obtained	showed	 that	 the	optimization	of	 the	 thermoelectric	generator	area	 is	essential	 for	keeping	 the	cell	operating









































An	additional	 study	on	hybrid	concentrated	PV/TEG	system	was	carried	out	by	Rezania	and	Rosendahl	 [77].	The	effect	of	 the	most	 important	design	parameters	on	 the	hybrid	system	performance	were	studied	and	 it	was	observed	 that	 the	concentrated













































































































































the	 solar	 radiation	absorptivity	 of	 the	hybrid	 system.	A	planar	 fishnet	 structure	was	 included	 in	 the	back-passivation	 layer	 of	 the	 solar	 cell	 for	 enhanced	absorptivity	 of	 radiations	 close	 to	 the	 infrared	band	of	 the	 solar	 spectrum.	The	 fishnet	 structure	 is	 capable	 of
accumulating	electromagnetic	radiation	by	using	its	rectangular	cells	as	a	resonant	circuit	and	it	was	fabricated	by	e-beam	lithography	assisted	lift-off	technique.	In	addition,	nanoporous	Bi2Te3	and	Sb2Te3	particles	were	synthesized	and	used	as	the	p-type	and	n-type











reflection	 in	ultra-broadband	wavelengths	was	proposed	by	 the	authors	(Fig.	33).	Results	obtained	showed	that	 the	use	of	anti-reflection	and	 light-trapping	method	could	 improve	 the	absorptivity	of	 the	solar	cell	while	also	 improving	 the	 transmission	of	unused	solar
radiation	to	the	thermoelectric	generator.	Therefore,	the	performance	of	the	hybrid	PV/TEG	could	be	enhanced.

























































































Only	a	 few	research	has	been	conducted	on	spectrum	splitting	PV/TEG	(Table	4)	however,	sufficient	works	have	been	done	on	direct	coupling	PV/TEG	system	(Table	5).	 It	 is	 therefore	 recommended	 that	more	attention	be	paid	 to	spectrum	splitting	hybrid
systems	due	to	their	potentially	high	performance	when	properly	optimized.	Furthermore,	Cooling	is	an	integral	part	of	any	TEG	system	as	its	directly	affects	the	system	performance	significantly.	Therefore,	the	hybrid	PV/TEG	system	needs	efficient	cooling	systems














A	profusion	of	 literature	exists	on	 the	steady	state	performance	of	hybrid	PV/TEG	systems	however,	 the	actual	performance	of	 the	hybrid	system	is	affected	by	 the	daily	variations	 in	weather	condition.	Thus,	more	research	 is	needed	on	 the	hybrid	system
performance	 under	 transient	 conditions.	 In	 addition,	 very	 few	 research	works	 on	 hybrid	PV/TEG	 systems	 have	 been	 conducted	with	 the	 use	 of	 finite	 element	method	 (FEM).	Contrarily,	 there	 is	 an	 abundance	 of	 research	 on	 the	 one-dimensional	 simulation	 using
MATLAB/Simulink.	The	advantage	of	using	FEM	is	 that,	 it	can	be	used	 for	 three-dimensional	study	of	 the	actual	system.	Thus,	 it	provides	more	realistic	 results	and	better	optimization	efforts	can	be	made	using	 this	method.	Finite	element	method	has	Multiphysics
capability	thus	it	is	highly	suggested	for	deep	research	on	hybrid	PV/TEG.	In	addition,	FEM	allows	the	Thomson	effects	and	temperature	dependent	thermoelectric	properties	to	be	easily	coupled	and	it	provides	a	user-friendly	interface	for	easily	visualization	of	results	[91].
More	research	on	 thermophotovoltaic/thermoelectric	 (TPV/TE)	systems	 is	 recommended	due	 to	 its	unique	advantages.	Thermophotovoltaic	 (TPV)	cells	are	capable	of	converting	 infrared	radiation	 thus,	when	thermal	emitter	are	used	as	 the	source	 for	TPV
systems,	they	can	operate	all	day	as	they	wouldn't	be	affected	by	the	intermittent	nature	of	the	solar	energy	[129].	Recently,	a	first	of	its	kind	study	on	hybrid	TPV/TE	was	conducted	by	Ref.	[130].	Results	obtained	showed	that	the	TPV/TE	system	performed	better	than	the
TE	and	TPV	only	systems.	More	research	on	such	systems	is	highly	recommended	as	an	alternative	to	the	conventional	hybrid	PV/TEG	systems.	Furthermore,	more	research	on	the	combination	of	TEG,	TEC	and	PV	is	recommended	due	to	the	encouraging	results
obtained	by	Refs.	[131,132].	The	basic	idea	is	to	combine	the	advantages	of	each	individual	systems	and	obtain	a	better	performing	hybrid	system.	In	such	systems,	the	thermoelectric	cooler	is	used	to	cool	the	PV	while	the	TEG	is	used	as	the	heat	sink	for	the	TEC,	thus
the	overall	performance	of	the	hybrid	system	is	increased,	and	additional	energy	is	generated.	However,	more	research	needs	to	be	conducted	on	the	feasibility	of	such	systems	as	it	could	potentially	provide	a	better	performance	compared	to	the	hybrid	PV/TEG	systems.
7	Conclusion
Owing	to	the	fast	rate	at	which	the	field	of	PV/TEG	is	growing	and	the	numerous	significant	research	being	carried,	this	review	was	written	to	present	and	discuss	the	state	of	art	in	the	field	of	PV/TEG.	Thermoelectric	generators	offer	unique	advantages	which
when	combined	with	the	photovoltaic	can	result	in	an	enhanced	hybrid	system	performance	and	wider	utilization	of	the	solar	spectrum.	PV/TEG	offers	an	alternative	to	the	very	well	researched	and	widely	used	PV/T	systems.	The	same	idea	is	used	in	both	systems	which
is	to	enhance	the	performance	of	the	PV	by	reducing	its	temperature	and	producing	additional	energy.	This	review	presented	a	detailed	overview	of	all	research	areas	and	optimization	efforts	relating	to	hybrid	PV/TEG.	The	use	of	concentrated	solar	energy	for	hybrid
PV/TEG	was	discussed,	key	focus	areas	in	the	hybrid	system	research	such	as:	TEG	geometry	optimization,	Energy	storage,	TEG	cooling,	PV	and	TE	material	optimization	were	all	discussed	in	detail.	Niche	application	of	PV/TEG	were	also	presented	to	show	its	wide
applicability	in	various	fields	and	not	just	electricity	generation.	The	significance	of	maximum	power	point	tracking	in	hybrid	PV/TEG	was	also	discussed	and	a	summary	of	the	most	recently	published	works	in	hybrid	PV/TEG	was	presented.	Finally,	a	deep	discussion	of	all
the	results	obtained	from	the	extension	literatures	reviewed	was	presented	and	more	importantly,	recommendations	for	future	works	were	provided.	A	thorough	investigation	of	hybrid	PV/TEG	systems	has	been	performed	in	this	research	and	it	 is	envisaged	that	this
review	would	serve	as	an	indispensable	literature	on	hybrid	PV/TEG.
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